Water sorption properties of food solids are often determined gravimetrically using samples stored over various salt solutions. In such studies desiccators with or without vacuum can be used. However, the apparent equilibrium water contents may differ depending on the technique used. The objectives of the present study were to investigate the resultant isotherms when desiccators with or without vacuum were used for freezedried wheat dough, gluten, denatured gluten, native, and gelatinized starch and to determine the glass transition temperatures for gluten, denatured gluten, and gelatinized starch using Differential Scanning Calorimetry (DSC). Using vacuum desiccators, all five materials were dehydrated over P 2 O 5 until a constant weight was achieved. Using desiccators without vacuum, gluten and native starch were dried in vacuum for 3 days at 30 C. Triplicate samples were rehumidified in desiccators with or without vacuum over salt solutions ranging from a w 0.113 to *Corresponding author. Current address: 24725 C. The BET and GAB sorption isotherm models were fitted to two water sorption data. Equilibrium water contents were achieved after 273 days of storage using vacuum desiccators, while equilibrium time was 273 weeks using desiccators without vacuum over the whole range of relative humidity (RH) for all materials. The GAB sorption isotherm for all materials showed clearly that water contents were higher at the high water activities ( > 0.6) and lower at the low water activities (< 0.4) using vacuum desiccators, because of a probable difference in humidity between the external atmosphere and inside the desiccators with or without vacuum.
INTRODUCTION
Water is the most abundant component in most foods and most structural transitions and phase transitions of foods are significantly affected by water. Water activity (a w ), instead of percent moisture is often a better indicator of the stability and quality of food materials [1] , as defined in Eq. (1),
where a w is water activity, p is partial pressure of water in food, p 0 is saturation pressure of water at specified temperature, and RH is relative humidity of the air in a chamber. A water sorption isotherm describes the amount of water adsorbed by food solids as a function of a w or RH at a constant temperature [2] . Most foods follow a sigmoid-shaped curve representative of a type II isotherm. The resultant is caused by a combination of colligative effects, capillary effects, and surface-water interaction [3] .
There are a number of techniques for measuring water sorption isotherms of solid food materials of various kinds, such as gravimetric, manometric, and hygrometric techniques. The gravimetric technique is one of the most used for measuring water sorption properties of food solids. The principle of this technique is determination of weight changes of samples, which are placed in a desiccators, maintained at known relative humidities (RH%) over saturated salt solutions, until a constant weight is obtained [4] . In this technique desiccators with [578] or without [9, 10] vacuum can be used. Several days or even months may be required to reach equilibrium, but the time required to transfer water through the vapor phase may be reduced by evacuation [11] . However, the apparent equilibrium water contents may differ depending on the desiccators used.
Water is also an important plasticizer of amorphous polymers. It is well established that the plasticization by water affects the glass transition temperature (T g ) of many biopolymers, including amorphous food materials, resulting in depression of T g [12716] . Glass transition refers to the change in physical state of amorphous materials between the very high viscosity (10 12 Pa s) solid ''glassy'' and viscous liquid-like ''rubbery'' states. The transition occurs over a temperature range, but it is usually referred to with a single (onset=midpoint) temperature value (T g ). The main consequence of T g is an increase of molecular mobility and free volume above T g , which may result in physical and physico-chemical changes [17] . The glass transition behavior of various cereal materials is mainly studied using DSC. Zeleznak and Hoseney [18] studied the glass transition temperature behavior of wheat starch, Kalichevsky et al. [19] , and Kalichevsky and Blanshard [20] of amylopectin, de Graaf et al. [21] of gliadin, Kalichevsky et al. [22] , Noel et al. [23] , and Cherian et al. [24] of wheat gluten. Also other techniques can be used e.g., DMA=DMTA for gelatinized wheat starch [25] , for wheat dough [8, 10, 26] , for amylopectin, casein, and gluten [27] , for gluten and starches [28] and DEA for wheat dough [8, 26] .
The objectives of the present study were to investigate the resultant isotherms when desiccators with or without vacuum for water sorption properties of freeze-dried wheat dough, gluten, denatured gluten, native, and gelatinized starch and to determine the glass transition temperature for gluten, denatured gluten, and gelatinized starch using Differential Scanning Calorimetry (DSC).
MATERIALS AND METHODS

Sample Preparation for Vacuum Desiccators
Gluten (Amylum, Aalst, Belgium) and native starch (Amylum, Aalst, Belgium) powders (3 g) were placed on 20 mL glass vials. Denatured gluten and gelatinized starch were made by heating the suspensions containing 5% (w=w) and 10% (w=w) solids, respectively, to boiling with continuous stirring. Gelatinization of starch was verified visually using polarized light microscopy. Wheat flour dough (flour 10 g7water 5.4 mL mixture) was mixed 3 min to optimum consistency using a 10 g bowl Micro-Mixer (National Mfg, Co., Lincoln, Nebraska). The mixed dough was removed from the mixing bowl and immediately placed on 20 mL glass Petri dishes. Wheat (Torfrida, harvest 1997) was obtained from AVEVE (Landen, Belgium) and milled using a Buhler MLU-202 laboratory mill (Uzwill, Switzerland) according to AACC Method 26-31. Denatured gluten, gelatinized starch, and mixed dough were frozen first at À20 C for 24 h, then at À80 C for 48 h. Frozen samples were transferred into a freeze-dryer (Lyovac GT 2, Amsco Finn-Aqua GmbH, Germany) and freeze-dried for 48772 h at a pressure <0.1 mbar corresponding to ice temperature of À 40 C. All materials were dehydrated over P 2 O 5 in vacuum desiccators until a constant weight was achieved (at least 1 week).
Sample Preparation for Desiccators Without Vacuum
Gluten (Amylum, Aalst, Belgium) and native starch (Amylum, Aalst, Belgium) powders (3 g) were placed on 20 mL glass vials and were dried in vacuum for 3 days at 30 C. Denatured gluten, gelatinized starch and wheat dough were made as described above. Denatured gluten, gelatinized starch, and mixed dough were frozen first at À40 C for 24 h, then they were frozen with liquid nitrogen for 5 h. The materials were freeze-dried (FTS Systems, Inc., Stone Ridge, NY) at a pressure of 50 mtorr increasing the temperature inside the freeze-drier from À30 to 20 C over 3 days. Freeze-dried materials were removed immediately from the freeze-dryer into an insulated glovebox, where the materials were ground to the powders. Initial moisture contents for all materials were determined by Karl Fischer method using an Aguatest IV titrator (Photovolt Co., NY).
Determination of Moisture Sorption Isotherms
Triplicate samples were rehumidified at room temperature (24725 C) in desiccators with (diameter 15 cm and height 20 cm) or without vacuum (diameter 25 cm and height 27 cm) over salt solutions of 11.3, 22.5, 32.8, 43.2, 57.6, 65.4, 75.3 and 84.3% RH adjusted using saturated solutions of LiCl, CH 3 COOK, MgCl 2 , K 2 CO 3 , NaBr, NaNO 2 , NaCl and KCl, respectively [29, 30] . Water sorption was determined from weight gain at 173 day intervals. When the samples were returned after weighing, vacuum was pulled immediately on the desiccators. The sorption isotherm was established using steady state water contents determined after leveling off of water contents at each RH. The equilibrium water contents were assumed after two consequent identical readings. The Brunauer-Emmett-Teller (BET) [31] and Guggenheim-Anderson-de Boer (GAB) [32] sorption isotherm models were fitted into water sorption data.
Determination of Glass Transition (T g )
The glass transition temperatures were determined for gluten, denatured gluten, and gelatinized starch, which were rehumidified in vacuum desiccators, using a Mettler TA 4000 (Mettler-Toledo AG, Switzerland) analysis system with a DSC-30 low temperature measuring cell, a TC15 TA processor, and STARe Thermal Analysis System Version 3.1 Software. The DSC was calibrated using n-pentane
, and indium (T m ¼ 156.6 C; DH m ¼ 28.5 J=g). The glass transition temperatures were also determined for gluten, denatured gluten, and gelatinized starch, which were rehumidified in desiccators without vacuum. Determinations were carried out using a Perkin Elmer DSC 7 (Perkin Elmer, Norwalk, CT, USA) analysis system, a TAC 7=DX Thermal Analysis Controller, a refrigeration cooling system, and a Pyris Thermal Analysis System Version 3.51 Software. The DSC was calibrated using distilled water
. An empty aluminum pan was used as a reference sample in both DSC. Dry nitrogen gas flow was used to minimize water condensation in the measuring cell. Triplicate samples ($10 mg) were prepared in pre-weighed 40 ml aluminum DSC pans and equilibrated at different RH% using desiccators with or without vacuum, and then hermetically sealed. Samples were scanned at 5 C=min from 40 C below the observed onset of the glass transition to 40 C above the glass transition temperature range. The T g was determined from the onset temperature of the glass transition from the second heating scan after cooling. The Gordon-Taylor Eq. (2) [33] was used to draw the predicted T g curve of the materials to establish the state diagrams using both experimental and predicted T g values,
where w 1 and w 2 are weight fractions of the component compounds, T g1 and T g2 are glass transition temperatures of the pure component compounds, and k is a constant. The T g value of water at À135 C [34] was used for T g2 . The predicted T g1 of 243 C [35] was used for gelatinized starch. The experimental T g values of the different materials were used to calculate the constant k.
RESULTS AND DISCUSSION
Moisture Sorption Isotherms
Equilibrium water contents were achieved for all materials after 477 days of storage over the whole range of relative humidity (RH) using vacuum desiccators, while when using desiccators without vacuum, the equilibrium water contents were achieved after 273 weeks of storage ( Figure 1) . Each data point is the average of the three samples. According to Stitt [11] the time required to water adsorption through the materials may been reduced using vacuum desiccators, as is obvious. Tables 1 and 2 contain the final equilibrium values for all materials.
Figures 274 show that all tested materials show typical sigmoid shape (type II) isotherms, as expected for amorphous food materials [2] . The BET and GAB sorption isotherm models were fitted to the water sorption data with the constants shown in Table 2 . The GAB model showed an extremely good fit to the water sorption experimental data over the whole a w range for all materials. This agreed well with the results of e.g., Laaksonen and Roos [8] , Data from Laaksonen and Roos [8] . van den Berg and Bruin [32] , and Roos [36] . The BET and GAB monolayer values are given in Table 2 for all materials. All those monolayer values were typical for cereal foods as found by Lomauro et al. [37] . Figures 274 show clearly that water contents were higher at the high water activities (> 0.6) and lower at the low water activities (< 0.4) using vacuum desiccators, because of a probable difference in water vapor pressure between the outside atmosphere (around 50760%RH) and inside desiccators with or without vacuum. Vacuum grease (Dow Corning, Dow Corning Co., USA) was used as a sealant between the desiccators and lids to create an airtight seal. However, it seems that when using desiccators without vacuum, the seals were not completely airtight and at low water activities moisture from the atmosphere was probably able to penetrate through the seal into the desiccators creating a slightly higher %RH, and thus resulting higher water contents in the samples. At high water activities less humid air from the atmosphere penetrates into the desiccators creating a slightly lower %RH, and thus resulting lower water contents in the samples. In a study of Lomauro et al. [9] the water sorption experiments for wheat flour were carried out in a desiccator without vacuum and a Mason jar at a w of 0.11. The study showed that equilibrium water contents were 6.28 and 5.94 (g H 2 O=100 g dry matter) using the desiccator and the Mason jar, respectively. Probably a lower water content of flour using the Mason jar was due to a more tight seal between the jar and a lid keeping the proper atmosphere inside the jar. The equilibrium water contents for gelatinized starch were somewhat higher than those for native starch over the whole a w range independent on desiccators used ( Figure 5 ). According to Bell and Labuza [3] a solid amorphous material, like gelatinized starch, holds more water than does a partially crystalline solid, like native starch. This is because the amorphous non-crystalline material can hydrogen-bond water internally, not just on the surface, which is the only way water can interact with a partially or fully crystalline material. Figure 6 shows that there was no difference in equilibrium water contents between gluten and denatured gluten over the whole a w range.
Equilibrium water contents of gluten and denatured gluten were at the same level or somewhat higher than those reported by Bushuk and Winkler [38] and van Doore [39] , but lower than those reported by De Jong et al. [40] for wheat gluten. Bushuk and Winkler [38] also reported lower equilibrium water contents for native starch than we found in the present study. In the present study the equilibrium water contents of freeze-dried dough were higher than those reported by Nikolaidis and Labuza [10] for wheat dough and nearly the same or somewhat higher than those reported by Bushuk and Winkler [38] , Gur-Arieh et al. [41, 42] , and Ramanathan and Cenkowski [43] for wheat flour.
Glass Transition Temperature (T g )
Figures 779 show the plasticizing effect of water, when T g decreased with increasing moisture. The Gordon-Taylor k values are shown in Table 3 . A primary plasticizing effect of increasing moisture content at constant temperature leads to increased segmental mobility of the chains in the amorphous regions of glassy polymers, which in turn produces a primary structural relaxation transition, T g , at decreased temperature [15] . The decreases in T g due to water plasticization were fairly linear as a function of water activity, as reported Roos and Karel [6] and Roos1 [14] .
The T g values were higher at low water activities and lower at high water activities for all materials using vacuum desiccators compared to when desiccators without vacuum were used (Figures 779; Table 3 ). This was due to lower water contents of the samples at low water activities and higher water contents at high water activities using vacuum desiccators, as discussed earlier. Hoseney et al. [44] reported very similar T g values at water contents higher than 4 g=100 g dm for wheat gluten. Noel et al. [23] and Cocero and Kokini [45] also reported very similar T g values, over the whole a w range for wheat glutenin. In the present study T g values varied from 39 to 115 C (9.93 to 22.13 g H 2 O=100 g dm) using vacuum desiccators, while using desiccators without vacuum T g values varied from 50 to 109 C (10.85 to 20.51 g H 2 O=100 g dm) for gelatinized starch. Zeleznak and Hoseney [18] and Vodovotz and Chinachoti [25] reported slightly lower T g values over the whole a w range for gelatinized wheat starch.
CONCLUSIONS
It was found that the apparent equilibrium water contents were different in samples depending on whether desiccators with or without vacuum were used with higher values below $50%RH and lower above this RH. This resulted in slightly different T g values for the samples equilibrated either in vacuum desiccators or in desiccators without vacuum. It is very important to consider the technique used for sorption isotherm studies and T g measurements, especially when results of various studies are compared.
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